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Abstract

High-efficiency direct power generation technologies, such as molten carbonate fud cells
(MCFCs) and s0lid oxide fud cdls (SOFCs) are expected to advance into practica usein
the 21t century. To take advantage of cod as afud-cdl fue, cod should be supplied
after being converted to gas. Oxygen-blown entrained bed gadification is regarded as
optimum due to the high concentrations of carbon dioxide and hydrogen as a combustible
and the high per-unit caorific value of cod gas. The objectives of our project "EAGLE"
are to develop optimum cod gadifier for fud cells and to establish a cleantup system
which purifies the gasto aleve acceptable for fud cdls. A feaghility study of integrated
cod gadfication fue cdl combined cycle (IGFC) was conducted in fisca year 1995,
supporting tests to obtain data necessary for cod gasifier designin fisca year 1995-1996,
and basic and detall design of apilot plant for processing 150 tons of cod per day in
fiscal year 1996-1997. The construction work was started at the test site, the Wakamatsu
Operaions & Generd Management Office, and to manufacture the gasifier and other
main facilities were dso Sarted in 1998. Operation is scheduled to commence in fisca
year 2001. This paper describes the performance of IGFC using MCFC and the status of
the pilot plant.
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1. I ntroduction

Deveopment of high efficiency direct power generation technologies, such as molten
carbonate fuel cdls (MCFC) and solid oxide fud cells (SOFC), is currently being
promoted since they are expected to become next-generation power generating
technologies. Meanwhile, cod is dso expected to become a more important energy
resource since it has abundant reserves that are more evenly distributed territoridly than
those of other energy resources. The ash contained in the cod isthe greatest obstacle
when cod isused in fud cdls. Thusthe cod must be supplied to fud cells after
converting it into an ash-free fuel gas. The objectives of this project are to develop an
optimum cod gadifier for fue celsand to establish a cean-up system which purifiesthe
gasto alevd acceptable for fuel cdls. Table 1 shows the development schedule. A
feagbility sudy of the integrated cod gasification fuel cell combined cycle (IGFC) was
conducted in fisca year 1995, supporting tests to obtain data necessary for coa gasfier
designinfisca years 1995 - 1996, and basic and detail design of a pilot plant for
processing 150 tons of cod per day infisca years 1996 - 1997. The construction work
was dtarted at the test Site, the Wakamatsu Operations & Generd Management Office,
and to manufacture the gasifier and other main facilitieswere also started in 1998. The
operation tests are in progress since the construction work was completed at the end of
June 2001. This paper describes the performance of IGFC using MCFC and givesthe
gtatus of congruction of a pilot plant.

Table 1 Development Schedule

1995 & 1996 : 1997 1998 1999 : 2000 2001 2002 : 2003 : 2004 2005

2006

Feasibility':study & Suioporting test
]

Design

Construction
[ ]

bperation

Evaluation




2. Performance of IGMCFC (in 1995)
2.1 Outline of the System

Theintegrated cod gadsification MCFC combined cycle (IGMCFC) is composed of a coal
gadfication unit, gas cleanup unit, MCFC unit, and power idand, as shown in Figure 1.
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Figure 1 IGMCFC System Flow

Coal gagfication

Pulverized cod is trangported by nitrogen to the gasifier, where it reacts with a gasifying
agent (95 percent oxygen) at 26.5 ataand is converted into afuel gas. Meanwhile, molten
ash is discharged from the bottom of the gagfier into awater quench. The high-
temperature syngas exits the gasifier and is forwarded to a gas clean-up unit after heet is
recovered by passng it through a syngas cooler, lowering it to 450°C. Char in the syngas
isremoved by a cyclone and filter, and recycled to the gasifier by the synges.

Gas clean-up

Cold gas cleanup must be gpplied in order to meet the drict tolerance limits of fud cdls.
Impurities such as hadogens, sulfur and so on in the syngas are removed by awater
scrubber and a methyldiethanolamine (MDEA) absorber, and the syngasis findy
desulfurized by use of zinc oxide (ZnO). Acid gas removed by the MDEA &bsorber is
burned in air in afurnace and the sulfur content is recovered as gypsum by use of
limestone. Since the operating pressure of fud cdlsis set a gpproximatdy 15 aa, to
meatch that of the gas turbine, the pressure energy of the syngasis recovered as power
through an expangion turbine.

Fuel cel (MCFC)

In cod gas, the CO concentration is high while the H, and H,O concentrations are low.
Thereisaposshbility, therefore, that carbon will precipitate at the eectrode through the
following reaction and that cell performance will drop. Therefore, seam is added and the
anode exhaust gasis recycled to the anode inlet in order to increase the H,O and CO;
concentrations at the anode inlet and prevent precipitation of carbon. The anode exhaust
gasisburned in a catalytic burner. The CO, produced in the catdytic burner is supplied
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to the cathode. Meanwhile, the fuel cell is cooled down by recycling part of the cathode
exhaust gas to the cathode inlet through a hest recovery bailer.

2CO & C+CO,

H, + CO & C+ HO
Power idand
The cathode exhaust gas (700°C) is sent to the gas turbine and the gas turbine inlet
temperatureisincreased to 1,300°C by adding the syngas. Hest is recovered from the gas
turbine exhaust gas through a HRSG, and the generated steam is sent to the steam turbine
(150 ata, 538/538°C) combined with steam generated at the gasification unit and the fuel
cdl unit.

2.2 Parameter Study

Conditions examined in the parameter study are shown in Table 2. The anode recycling
gasrdio is defined as the ratio of the anode recycling gas volume to the syngas volume
supplied to the MCFC. Results of examining oxygen concentration as the gasfying agent
areindicated in Figures 2 and 3. Here, the oxygen concentration is adjusted by mixing 95
percent pure oxygen with air extracted from the gas turbine. In this study, the number of
fuel cdl gtacks and the gas turbine inlet temperature are kept congtant. Therefore, if the
oxygen concentration fals, the caorific vaue of the syngas will be reduced, thereby
increasing the fuel supply to the gas turbine. The cod supply will then increase
accordingly. As areault, the gas turbine and steam turbine power output will increase
even though the fud cdl power output is nearly constant. As has been discussed, because
the power output ratio of the fuel cdl isreduced as the oxygen concentration fals, the
therma efficiency isaso reduced. In view of the foregoing, the oxygen concentration
was set at 95 percent in this feaghility study. Optimization was Smilarly applied to other
parameters.

Table 2 Conditions of Parameter Study

Parameter Base case Variation range
O, conc. In gasifying agent 95 vol% 21 - 95 vol%
Fuel utilization™ 80% 50 - 85 %
Oxidant utilization * 20% 15-35 %
Anode recycling ratio 6.6 6.0-7.4

*1: Utilization with one pass is indicated
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Figure 2 Effect of Oxygen Concentration on Thermal Efficiency
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Figure 3 Effect of Oxygen Concentration on Power

2.3 Plant Performance

Asareault of the parameter sudy, IGM CFC performance cal culations were conducted
after setting the following design conditions. Plant performance is shown in Table 4. The
performance of the coa gasfication MCFC combined cycle indicated that gross and net
thermal efficiency would be 59.6 and 53.3 percent (HHV basis) respectively. It was clear
that considerably higher efficiency could be obtained in comparison with a conventiond
coal-fired power plant.

Table 3 Design Conditions

Gas turbine inlet temperature 1,300°C
O, conc. in gasifying agent 95 vol%
Fuel utilization (one pass) 80%
Oxidant utilization (one pass) 25%
Anode recycling ratio 6.6
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Table 4 IGMCFC Performance

Gross power output 616.6 MW
MCFC 261.8 MW
Gas turbine 152.2 MW
Steam turbine 199.5 MW
Auxiliary power 65.3 MW
Net power output 551.3 MW
Gross efficiency 59.6%
Auxiliary power ratio 10.6%
Net efficiency 53.5%

3.

Detail Design of Pilot Plant (in 1997)

In this project, a pilot plant with a coa capacity of 150 tons per day has inddled at
Weakamatsu. It will be used for verification of the total cod gasification system for fuel

cdls. Figure 4 shows the overal system flow and Table 5 shows the specifications of the

main equipment.

Table 5 EAGLE Pilot Plant Specifications

Coal gasification

Coal feed
Gasification pressure

Gas clean-up
Syngas volume
Sulfur recovery

Air separation
Oxygen production
Oxygen concentration
Air feed

Air feed pressure

Gas turbine power

Oxygen-blown entrained-flow gasifier (two-stage
tangential flow type)

150 tons per day

26.5 ata

Cold gas clean-up using MDEA
14,600 m* N/h (MDEA absorber outlet)
Limestone-gypsum wet scrubbing

Pressurized cryogenic separation
4,300 m®* N/h

95 vol%

20,000 m® N/h

13 ata

8,000 kW




/

N

Coal Gasification Unit

Gasifier Syngas Cooler

—

Gas Clean-up Unit

Precise Desulfurizer

COS Convertor

17N 7\
Pulverized P
Coal
e f—
\ / X Filter @
S L X \J
AR Gas/Gas
— Heater
Char
Slag
Nitrogen
Oxygen

Air )

Compressor

Rectifier

_/ N
Water Scrubber

—— [HT—

Incinerator HRSG

MDEA
Regenerator
Acid
Gas
Furnace
A
|
Limestone
MDEA
Absorber Absorber

Air Separation Unit

Gas Tarbine Unit

Stack

Figure 4 Flow Diagram of The EAGLE Pilot Plant



Coal gadfication

High concentrations of H, and CO and a high cdorific vaue for the syngas are suitable in
goplication of a gadfier for use with fue cells. This project has thus employed adry feed
oxygen brown entrained-flow gasifier. Cod is transported by nitrogen from the upper and
lower burnersinto the gadifier in atangentia flow pattern. Oxygen (the gasification agent) is
supplied to each stage. By optimizing the distribution of cod supply to the upper and lower
stages and the oxygen ratio of each stage, it is possible to obtain both high gasification
efficiency and stable operation. The syngas recycled from the outlet of the water scrubber is
supplied to the outlet of the gasifier in order to quench dag particles. Char contained in the
syngasisremoved by acyclone and afilter, and recycled into the lower stage of the gasifier
by N, gas. The gasifier enables steam to be injected from the lower stage to reduce oxygen
consumption.

Gas clean-up
This project employs cold gas cleanup in order to satisfy the tolerance limits of fud cells.

Syngas at atemperature of gpproximately 400°C exits from the filter and is heat-exchanged at
the Gas/Gas Heater (GGH). Impurities such as hdogens and anmonium are removed in a
water scrubber, and the gasis then desulfurized in an absorber. Here, this project employs
methyldiethanolamine (MDEA) as the sorbent. Since MDEA has low absorptivity for

carbonyl sulfide (COS), COS must be converted into H,S in a COS converter in advance. The
clean syngas, which exits the MDEA absorber at approximately 40°C, is heated to
approximately 200°C by a steam heater and GGH and supplied to the gasturbine. Part of the
clean syngasis sent to the precise desulfurizer, where it is further desulfurized down to the
tolerance limit of the fud cdl or below.

Gasturbine and air separation

The gasturbine and generator are driven by burning clean syngasin combusters. This
supplies auxiliary power for the pilot plant. It isdso designed so that air extracted from the
gas turbine is supplied to the air separation unit. Thus pressurized cryogenic separdion is
employed for air separation. Surplus nitrogen in theair separation unit is supplied to the gas
turbine to reduce NOX.

4.  Construction of Pilot Plant

At the test site, the Wakamatsu Operations & Generd Management Office, Electric Power
Deveopment Co., Ltd. in Fukuoka Prefecture, the mechanical foundation work was started in
August 1998 for the main fadilities of the pilot plant, thet is, the cod gasification and gas
clean-up units. The building foundation work and the sted frame construction were aso
started for the operation and compressor rooms. The gasifier and the syngas cooler were
unloaded in September 1999 (figure 5). The operation tests have been conducted, since the
congtruction work was completed at the end of June 2001, as shown in Figure 6. Figure 7
describesthe image of the EAGLE pilot plant. It is scheduled to carry out the running study
until June 2006.
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igure 6 EAGLE gasifier



Figure 7 Image of EAGLE Pilot Plant
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5. <Informative> Development Statusfor Fuel Cells

In a Japanese nationa project for development of commercia fud cdls, a 1,000 kW (250
kKW~ 4 u) pilot plant for “Molten Carbonate Fuel Cells (MCFC)” isbeing promoted at
the Kawagoe Therma Power Station, Chubu Electric Power Co., Inc. in Nagoya. The
equipment ingtadlation was completed. It has been worked after adjusting each of the
systems.

Electric Power Development Co., Ltd. is promating the self-development of “ Solid Oxide
Fud Cdls (SOFC)” in collaboration with Mitsubishi Heavy Industries, Ltd. We have
devel oped the atmospheric 1 kW SOFC module, the atmospheric 10 kW module, and the
pressurized 1 kW module one after another. In December 1998, we succeeded in the
continuous 7,000-hour power generation with the pressurized 10 kW SOFC module,
leading the world. The test runs of the modified pressurized 10 kW module have been
conducted in order to verify one of the important subjects to establish the 100 kW

module, “Fud internd-reforming technology”.

The EAGLE project contains the “Precise Desulfurizer” for fuel cells. When the test run
gets started and the cod gadification gas supply becomes available in 2002, the
demondtration test will be proposed for the * Integrated Cod Gasification Fuel Cell
Combined-cycle Power Generation System (IGFC)”, depending on the status of
development for MCFC and SOFC technologies. It can be said that the cod utilizing
ultra- high efficiency power generation technology will be redlized soon.

6. Summary

Asareault of afeashility sudy of the integrated cod gadfication MCFC combined
cycle, we demongtrated that an oxygen-blown gasifier would be suitable for IGFC, and
that the net thermd efficiency of IGMCFC would be 53 percent or more. A pilot plant
with a capacity of 150 tons per day will be equipped with a coa gesfication unit, gas
clean-up unit, air separation unit, and gas turbine unit (outside the range of the subsidy).
It isnow possible to implement experiments on atotal cod gasfication system for fue
cells. Operation commenced in July 2001. We look forward to obtaining resultsin which
cod gasficaion technology for fud cdlsis put into practical use. This project isbeing
conducted as anationa project by our company entrusted by the New Energy Industria
Technology Development Organization (NEDO). We would like to express our deep
gppreciation for the support and guidance we have received from al concerned parties,
including the Agency of Natura Resources and Energy of METI.
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Presentation Overview

1) Background and Objectives
2) Project Schedule

3) Feasibility Study on IGFC
4) Features of Gasifier

5) Outline of Pilot Plant



Background

Coal Is an important energy resource since it has abundant
reserves worldwide and its price iIs more stable than other
fossil fuels (oil and natural gas). However, CO2 emissions
from coal are higher than with other fossil fuels. Thus we are
promoting development of an Integrated coal Gasification
Fuel Cell combined cycle (IGFC) as a coal-based high-
efficiency power generation technology.

Objectives
(1) Development of oxygen-blown entrained-flow gasifier

(2) Establishment of gas cleanup technology for fuel cells



( EAGLE Project Schedule )

(Fiscal Year)

1995 | 1996 | 1997 | 1998 | 1999 | 2000 | 2001 { 2002 | 2003 | 2004 | 2005 | 2006 | 2007
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Constr'uctiorlm

Operations _ Report




| Integrated Coal Gasification Fuel Cell System with MCFC }
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. Effect of Oxygen Concentration on IGFC Efficiency }
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. Gasification Efficiency and Heating Value of Syngas %
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Percentage of Power Output ( %)
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< IGMCFC Performance )

Gross power output 616.0MW
MCFC 261.8 MW
Gas turbine 152.2MW
Steam turbine 199.5MW
Auxiliary power 65.3MW
Net power output 551.3MW
Gross efficiency 59.6%
Auxiliary power ratio 10.6%
Net efficiency 53.3%




(  Features of EAGLE Gasifier @
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. Cutaway of the EAGLE Gasifier }
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. EAGLE Gasifier @

Coal Feed Rate

Inner Diameter of the Gasifier
Inner Diameter of the Gasifier Outlet
Inner Diameter of the Radiant Cooler

Number of Upper Burners
Number of Lower Burners
Number of Char Burners

Number of Steam Nozzles

Height of the Pressure Vessel

150 tons per day

1000 mm
500 mm
738 mm




( Flow Diagram of the EAGLE Pilot Plant }
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( SEecifications of the EAGLE Pilot Plant )

Coal Feed Rate 150 tons per day

Gasification Pressure 26.5 ata

Syngas Composition CO 53 % N2 20 %
H2 21 % Ar 1 %

CO2 3% H2S 1200 ppm
H20 2 % COS 100 ppm

Syngas Flow 14,800 m3N/h (MDEA Absorber Outlet)
Sulfur Compounds < 50 ppm (MDEA Absorber Outlet)

< 1 ppm (Fine Desulfurizer Outlet)
Sulfur Recovery Unit Limestone Wet Scrubbing
Air Feed Rate 25,700 m3N/h
Feed Air Pressure 12 ata
Oxygen Production 4,300 m3N/h

Oxygen Purity 95.0 vol%
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